The pathogenesis of sudden death during subarachnoid hemorrhage (SAH) still remains to be eluci dated. A new rat common carotid artery-prechiasmal extracorporeal shunt model was designed to study the effect of different severities of SAH on intracranial pressure (ICP), regional cerebral blood flow (rCBF), and mortality. Different severities of SAH were induced by controlling the bleeding period (from 30 to 90 sec) and number of bleedings (one or three times). SAH caused a dramatic increase in ICP and immediate depression of rCBF, which recovered slowly to a certain extent. ICP increased sharply within the first 30 seconds and reached a plateau concomitant with nearly zero rCBF, which suggested the occurrence of cerebral circulation arrest. Bleeding of more than 60 seconds and increased ICP over 80 mmHg were directly correlated with the mortality. Respiratory arrest was the first sign of death, immediately followed by cardiac depression resulting in sudden death. This model combines arterial bleeding with systemic blood pressure and controlled bleeding time to simulate the acute period of SAH.
Introduction
Aneurysmal subarachnoid hemorrhage (SAH) manifests as a wide spectrum of clinical symptoms from mild headache to sudden death. A recent study on the outcome of patients showed that mortality from initial bleeding was unacceptably high.16,11,11) Investigation of the cause of death and disability from SAH in a population-based study found that initial bleeding rather than vasospasm contributed most to the cause of death and disability after SAH.6) Nearly two-thirds of patients died of ruptured aneurysmal SAH before or at admission. The rapid ity of death of these patients indicates that present medical strategies are unlikely to improve the grim outcome of the disease.11,15) However, advances in neurosurgical care and vasospasm management have improved the prognosis for survivors of the first SAH attack, so the importance of initial bleed ing on the outcome now draws much attention. 16, 24) Investigation of the pathogenesis of sudden death under severe SAH requires a suitable animal model to mimic the real clinical conditions in the acute phase.
Injection of autologous blood into the subarachnoid space cannot reflect the real condi tions when a sudden rise of intracranial pressure (ICP) occurs. The endovascular puncture model4,27) allows this condition but the severity of the SAH cannot be controlled. A sudden and sharp rise of ICP and controllable bleeding time are two im portant factors needed in a suitable animal model for the pathophysiology of SAH leading to sudden death. This study describes the common carotid artery (CCA)-prechiasmal cistern extracorporeal shunt model in the rat which was designed to meet these requirements. Experimental SAH was implemented for 30 to 90 seconds to mimic the varying clinical severity, and to induce ICP elevation, allowing in vestigation of the relation to sudden death, the effect on cerebral microcirculation, and the difference be tween single and multiple hemorrhages.
Materials and Methods
The research protocol was approved by the Ethical Committee for Animal Experiments at Tokyo Women's Medical University. Fifty-eight male Wistar Kyoto rats (weighing 300 to 400 g) were used in this study. After initial anesthesia by in traperitoneal injection of pentobarbital sodium (40 mg/kg), a tracheal tube was inserted surgically to ensure an unobstructed airway and the animal al lowed to breathe spontaneously through the tracheostomy with room air during the experiment. Then the left femoral vein was exposed and cannu lated for infusion of physiological saline at 3 ml/hr to prevent volume depletion and allow infusion of additional barbiturate. Infusion of pentobarbital was titrated to eliminate paw withdrawal reflexes to pain stimuli.
Blood pressure and heart rate were monitored through a polyethylene catheter (SP-31) inserted into the left femoral artery and connected to a transducer (TP-400T; Nihon Kohden, Tokyo). The left CCA was cannulated with a polyethylene catheter (SP-45) to allow shunting of blood to the prechiasmatic cistern under systemic blood pres sure.
After these preparations, the rats were moved from the supine to the prone position, and the head was fixed on a stereotactic head frame (Natsume, Tokyo). A midline scalp incision of about 2.5 cm in length was made and the cranial vault was exposed. A 2-mm trepanation was carried out on the right parietal bone, 5 mm behind the coronal suture and 4 mm lateral to the midline. The underlying dura was pierced just enough for insertion of an ICP microsensor (Codman, Raynham, Mass., U.S.A.), which was connected to a polygraph.
Laser Doppler flowmetry (BPM model 403; TSI Inc., St. Paul, Minn., U.S.A.) was used to monitor the regional cerebral blood flow (rCBF) in the left parietal region through a 5-mm cranial window. Care was taken not to injure the cortical surface. The mechanical stability of the probe was main tained by using a micromanipulator to place the probe (2 mm diameter) lightly onto the dura away from the large dural and pial vessels, according to the published method.',') SAH was induced through a shunt tube as follows. A burr hole of about 3 mm diameter was made in the frontal bone near the midline just before the tip of the frontal lobe. Particular care was taken not to damage the superior sagittal sinus. After cutting the dura, a clamped shunt tube from the CCA was stereotactically inserted into the prechiasmatic cistern by passing through the olfactory bulb and interhemispheric fissure and then opening as desired. The insertion place of the shunt tube was chosen deliberately to minimize the penetrative damage to the brain and the tubing fit snugly in the hole. The experimental set-up is shown in Fig. 1 .
Physiological parameters such as mean arterial blood pressure (MABP), heart rate, ICP, and rCBF were recorded simultaneously for at least 2 hours after the implementation of SAH using a Macintosh Powerbook 5300cs through the connection to the polygraph with MacLab software and a four-chan nel data-acquisition board.
In the pilot study, 10 rats were used for test measurement of ICP and rCBF and confirmation of the successful establishment of the SAH model by postmortem histological examination. Forty-four rats were randomly divided into four groups of 11 rats each, and exposed to SAH for 30, 60, and 90 seconds, and three 30-second bleedings at one minute intervals (referred to as 3-SAH), respec tively.
Four rats were used to observe the cortical microcirculation after the onset of SAH. A 6 to 8 mm cranial window was made in the left fron toparietal area and covered with a slide cover glass (0.15 mm in thickness) in watertight fashion with Biobond® (EDH adhesive; Yoshitomi Pharmaceuticals, Osaka). A videomicroscope with a charge-coupled device camera 29) was applied to the cranial glass window and the cerebral cortical microcirculation change due to SAH was recorded in real time.
All values are given as mean and SE. Serial changes of ICP, cerebral perfusion pressure (CPP = MABP mean ICP), and rCBF were compared be tween the four groups. The values obtained before, during, 1 minute after SAH, and every 10 minutes thereafter were averaged. The effect of SAH on the parameters before and 2 hours after SAH were ana lyzed by analysis of variance. The Bonferroni/Dun ncan correction for post hoc analysis was used. The level of significance was p < 0.05. All rats in the 30-second SAH group survived with no obvious respiratory disturbance. These rats recovered well at the end of the 2-hour observation period. Temporary suspension of respiration was seen during SAH in 6/11, 7/11, and 6/11 rats in the 60-second SAH, 90-second SAH, and 3-SAH groups, respectively (Table 1) . Most rats developed respira tory arrest concomitant with serious cardiac sup pression, which resulted in sudden death in 4/11, 5/11, and 5/11 rats, respectively. Typical Cushing response such as a considerable increase in systemic blood pressure and bradycardia was rarely ob served. The heart rate response was variable, and bradycardia and tachycardia occurred irregularly despite the increased ICP. period with no sign of respiratory disturbance, then there was no risk of death during the observation period (Fig. 3) . The duration from the initial respiratory disturbance to total circulatory arrest varies from 186 to 384 seconds (mean 269 ± 23 sec).
II. ICP and rCBF monitoring
The ICP under barbiturate anesthesia was 4.26 ± 0.21 mmHg (n = 44). Maximum ICP reached 72.92 ± 4.41, 92.46 ± 3.68, and 106.48 ± 5.13 mmHg in the 30-, 60-, and 90-second SAH groups, respec tively. In the 3-SAH group, progressive increase of ICP to 89.58 ± 4.19 mmHg was observed. Ten minutes after SAH, the ICP returned to only slightly above the baseline and changed little throughout the subsequent 2 hours. There was a significant differ ence in ICP increase between the 30 and 60-sec ond SAH groups (p = 0.0026), but not between the 60 and 90-second SAH groups (p = 0.0722).
The rate of increase of ICP after SAH in all rats showed that the most rapid increase (2.19 ± 0.066 mmHg/sec) occurred in the initial 30 seconds of ICP elevation (n = 44), compared with 0.63 ± 0.18 mmHg/sec in the second 30-second period of the 60-second SAH group, and 2.09 ± 0.21, 0.75 ± 0.18, and 0.20 ± 0.31 mmHg/sec in 90-second SAH group in the initial, middle, and late 30-second periods, respectively, of the 90-second SAH group. The rate of increase of ICP in the 3-SAH group was 2.18 ± 0.10, 2.06 ± 0.22, and 1.89 ± 0.16 mmHg/sec at each bleeding. Statistical analysis showed no sig nificant difference between the first 30-second period between the four groups (p = 0.535). As ICP increased over 80 mmHg, mortality began to rise in an ICP-dependent pattern (Fig. 4) . No rats with ICP below 80 mmHg during the 2-hour observation period developed respiratory complication and died.
rCBF decreased dramatically after the onset of SAH to about 10% of the original value. Despite the quick normalization of CPP along with the recovery of ICP, rCBF remained low, and gradually recovered in a SAH severity-dependent pattern. At the end of 2-hour observation, rCBF recovered to 66%, 37%, 15%, and 38% of the pre-SAH level in the four groups (Fig. 5) . Various SAH models have been established for dogs,') cats,13,26,30) rats, 4,8,17,22,27) and even primates.',") These animal models can be classified into two types. The first is based on injection of autologous arterial blood in a preselected volume into the subarachnoid spaces, the cisterna magna, and suprasellar cistern. 3'8,9,17,19,22,26,30) As the blood is in jected under an arbitrary pressure, this neglects the importance of exposure of the brain to the systemic arterial pressure, which might be as much as 20 to 40 times higher than the normal ICP. Thus these models cannot reflect the real situation in SAH, but are only useful for research of vasospasm which develops in the late phase after SAH. The second type is a vessel puncture model achieved either in tracranially13) or endovascularly.4,27) The Sheffield model27) has a closer analogy to spontaneous SAH in that extensive intracranial manipulation is not needed, but still has the disadvantage of instability and difficulty in controlling the severity of bleeding. 
Commentary
The authors have tried to elucidate the pathogenesis of sudden death during subarachnoid hemorrhage (SAH) by using a new experimental model, first de scribed by Zhao et al. in this paper. The rat's common carotid artery-prechiasmal extracorporeal shunt model was designed to study the effect of different severities of SAH by controlling the bleeding period (from 30 to 90 seconds) and number of bleedings (one or three times). As a result, the SAH caused a dra matic increase in ICP with immediate depression of rCBF within the first 30 seconds. The ICP increased sharply and reached a plateau concomitant with nearly zero rCBF bleeding of more than 60 seconds and increased ICP over 80 mmHg were directly cor related with the mortality. This model, compared with the endovascular puncture model, is more accurate as it can reflect the effects o f blood pressure in the SAH and its consequences in the ICP and rCBF. The paper is clear and objective. The statistic methods were correctly applied and the results confirmed the prime goals of the authors. Despite this, it is difficult to de termine central nervous system causes for sudden deaths in SAH. As is known, SAH is associated with heart arrhythms in human beings and this is an im portant point that must be highlighted and studied. A more careful record of heart rhythm, using elec trophysiologic methods, may be applied to this model to fulfill this pitfall. Congratulations to the authors for this innovative paper. The acute stages of SAH have received comparatively little attention over the years, with only a handful of experimental studies as discussed in this paper, and even fewer clinical reports.1'2) This article is an im portant addition, as the authors present a technique which is both controllable and more similar to the situation of aneurysm rupture in humans, where ces sation of bleeding often depends mainly on the difference between ICP and BP. It is presumed that is most fatal cases the CPP is at or close to zero too long for recovery to be possible. The likelihood in this rat model that death is due primarily to respiratory sup pression is interesting. There is potential here for further study -it would be interesting to know, with flow measurement in the external shunt, what volume of blood is necessary to be fatal, with the possibility o f extrapolating to the human condition. Other investigations could include electrocardiography to clarify the question o f a possi ble primarily cardiac death. Also, in those surviving longer, evidence of secondary biochemical damage, well recognized in head injury and in other no-reflow situations, would be interesting.
I should point out that the primate technique men tioned in references 9 and 19 of this article was in fact one of vessel avulsion, rather than the injection of a fixed volume of blood as stated in the Discussion section. However, because of variations in vessel size and possibly local vasospasm, the hemorrhage was often not as large and certainly not as well controlled as in the present model, which lends itself better to study of the early effects of SAH.
